Abstract A two-stage sequencing batch reactor (SBR) system was used for treatment of oily wastewater with COD and oil and grease (O&G) concentrations ranging from 1,722-7,826 mg/L and 5,365-13,350 mg/L, respectively. A suitable start-up protocol was developed using gradual increase in oily wastewater composition with methanol as the co-substrate. This strategy enabled a short acclimation period of 12 days for the sludge in the two-stage SBR to adapt to the oily wastewater. After acclimation, the 1st stage and 2nd stage SBRs were able to achieve COD removals of 47.0 ± 2.4% and 95.3 ± 0.5%, respectively. The 1st stage SBR was able to achieve 99.8 ± 0.1% of O&G removal and effluent O&G from the 1st stage SBR was only 6 ± 2 mg/L. The 2nd stage SBR was used to further remove COD in the effluent from the 1st stage SBR. The final effluent from the 2nd stage SBR had a COD concentration of 97 ± 16 mg/L with no detectable O&G content. Thus, a two-stage SBR system was shown to be feasible for treating high strength oily wastewater to meet the local discharge standards.
Introduction
Oily wastewater from oil refineries contains organics from residual products and byproducts, oils, suspended solids, heavy metals and other toxic materials (Hayat et al., 2000) . The large variety of compounds produced in refineries and associated petrochemical industries made characterization and treatment of oily wastewaters difficult especially for biological treatment. Anaerobic pre-treatment methods are generally used to reduce the high organic content and toxic compounds that would inhibit the aerobic process (Malina and Pohland, 1992) . However, anaerobic pre-treatment would require a relatively long hydraulic retention time (HRT) and methane gas production from the anaerobic process could be a potential hazard as it is highly combustible.
The sequencing batch reactor (SBR) technology has been increasingly used for treating hazardous and high strength wastewaters (Kennedy and Lentz, 2000; Obaja et al., 2003) . In addition, the SBR is particularly appropriate for highly variable hydraulic and organic loads due to its ability to modify process parameters without any physical modifications on the reactor. Thus, the SBR could be an economically viable technology for oily wastewater treatment. This study aims to investigate the inhibitory effects of oily wastewater on activated sludge, develop a suitable start-up protocol and investigate the feasibility of a two-stage SBR system for treatment of oily wastewater from an oil refinery.
Materials and methods

Seed sludge
Activated sludge from a local domestic sewage treatment work was used as seed sludge in the experiment. The sludge concentration in the reactor was maintained at 3,200 mg MLVSS/L.
Feed
Oily wastewater. The oily wastewater was collected weekly from an oil refinery and stored at 4°C. Wastewater characteristics varied considerably from one collection to another over the study period. Table 1 summarizes the characteristics of the oily wastewater.
Co-substrate. Methanol was used as the co-substrate in the inhibition tests and during acclimation of the two-stage SBR to provide a COD concentration of about 4,000 mg/L in the feed.
In the inhibition tests, inorganic nutrients and macronutrients were added to the feed. The inorganic nutrients were prepared based on a BOD 5 :N:P ratio of 100:5:1 using ammonium chloride and di-hydrogen potassium phosphate as the nitrogen and phosphorus source. One millilitre of macronutrients was added to each litre of feed. Each litre of macronutrients consisted of 10 mg/L of CaCl 2 .2H 2 O; 5 mg/L of MgSO 4 .7H 2 O; and 7.1 mg/L of FeCl 3 .6H 2 O. Sodium bicarbonate was added to maintain the pH at 7.2 ± 0.2. Table 2 summarizes the compositions of feed containing methanol and oily wastewater (based on COD) used in the inhibition tests.
Four stages of acclimation were used in the two-stage SBR with increasing amounts of oily wastewater to methanol, namely, 50%, 70%, 90% and 100% of oily wastewater at each stage.
Experimental set-up
Two sets of experiments were conducted: (i) inhibition tests conducted in a separate batch reactor using non-acclimated seed sludge collected from a local domestic sewage treatment plant; and (ii) start-up of a two-stage SBR.
Inhibition tests. A 3-L beaker with a working volume of 2 L was used in inhibition tests. An air diffuser was used to maintain a DO level of more than 3 mg/L in the reactor. The reactor was operated with a react time of 6.5 h for each feed composition. The equivalent F/M was 4.4 mg COD/mg MLVSS/d and the reactor was operated at room temperature (30 ± 3°C).
Two-stage SBR.
A two-stage SBR consisting of 3-L and 5-L beakers for the 1st stage and 2nd stage SBRs, respectively, was used in this study. An intermediate 5-L storage tank was installed to collect the effluent from the 1st stage SBR before feeding into the 2nd stage SBR. Figure 1 illustrates the experimental set-up.
Sodium bicarbonate was used to maintain pH at 7.2 ± 0.2. An air diffuser was used to maintain a DO level of more than 3 mg/L throughout the study. The two-stage SBR was L.Y. Lee et al. 244 Results and discussion
Inhibition tests
The changes in COD and O&G concentrations with react time at various oily wastewater compositions using non-acclimated sludge are summarized in Figure 2 . It is noted from Figure 2 that the biodegradability of COD in oily wastewater was reduced with increased composition of oily wastewater. Table 4 summarized the COD and O&G removal efficiencies and specific COD and O&G removal rates at various oily wastewater compositions.
The specific COD removal rate was reduced with increased oily wastewater composition. It is noted from 10% to 70%, the specific COD removal rate was reduced by 41.7%. Increasing the oily wastewater composition could have increased the concentrations of heavy metals and other toxic compounds commonly found in the oil refinery wastewater. These substances would exert inhibitory effects on the activity of heterotrophic microorganisms which in turn caused a reduction in the specific COD removal rate. A similar trend was also observed in the specific O&G removal rates, except that a 12% lower reduction rate (compared with the corresponding impact on COD removal) was observed with the same increase in oily wastewater composition. The specific O&G removal rate was 3.6 to 6.8 times higher than the COD removal rate. The O&G biodegradation would be the initial step to break down the complex hydrocarbons to simpler organic forms for further biodegradation. The O&G removal was completed within a react time of 2 h, 5 h and 6.5 h at oily wastewater compositions of 50%, 70% and 100%, respectively. However, for the case of COD, more react time would be needed for complete removal even with the lowest oily wastewater composition (10%). The 50% oily wastewater composition appeared not to have caused too large an effect on COD biodegradation. Thus, acclimation of activated sludge starting with 50% of oily wastewater using methanol as the co-substrate could be a suitable strategy. The inhibition tests also suggested that a two-stage SBR may be necessary for oily wastewater treatment, where the 1st stage SBR would be used primarily for O&G removal and the 2nd stage SBR continued with COD removal.
Two-stage SBR
Figures 3 and 4 summarize the COD and O&G removals in the 1st stage and COD removals in the 2nd stage SBR throughout the study. Table 5 summarizes the average performance in the 1st and 2nd stages. Acclimation of activated sludge in the 1st stage SBR to 100% oily wastewater was achieved over 60 cycles (12 days) (Figure 3) . The start-up protocol, by increasing the component of oily wastewater gradually from 50% to 100%, was noted to cause minimal inhibitory effect on the biomass. With every increase in the oily wastewater component, the system was able to acclimate to the new conditions within 2 to 3 days, with up to 30-50% and 77-99% of COD and O&G removal efficiencies, respectively. A high After the acclimation period, the 1st stage SBR was able to achieve COD and O&G removal efficiencies of 47.0 ± 2.4% and 99.8 ± 0.1%, respectively. The corresponding COD and O&G removal efficiencies achieved in the 2nd stage SBR were 95.3 ± 0.5% and 100%, respectively. The COD concentration in the final effluent of the two-stage SBR was able to meet the Singapore allowable discharge limits (Ministry of Environment, Singapore, 1998). Complete O&G removal was achieved in the two-stage SBR after acclimation, while an average of 97.5% of COD removal efficiency was attainable. The efficiencies achieved in this study were higher than the anaerobic process (Faisal and Unno, 2001 ) and the fixed bed bioreactor (Jou and Huang, 2003) reported earlier for treating oily wastewater.
Conclusions
The following conclusions were obtained in this study: 1. Increasing oily wastewater composition had led to an increasing inhibitory effect on COD and O&G removals. 2. Acclimation through gradual increase in the oily wastewater component from 50% with methanol as the co-substrate enabled a short acclimation period of 12 days for the sludge in the two-stage SBR to adapt to the oily wastewater. 3. After acclimation, the 1st stage and 2nd stage SBRs were able to achieve COD removals of 47.0 ± 2.4% and 95.3 ± 0.5%, respectively. The 1st stage SBR was able to achieve 99.8 ± 0.1% of O&G removal. The effluent O&G from the 1st stage SBR was only 6 ± 2 mg/L. The 2nd stage SBR was needed to further remove the COD in the effluent from the 1st stage SBR. The final effluent from the 2nd stage SBR had a COD concentration of 97 ± 16 mg/L with no detectable O&G content. 4. This study showed that a two-stage SBR was feasible for treating oily wastewater from an oil refinery to meet the local discharge standards.
